Pertucin, a bacteriocin active against phase I organisms of Bordetella pertussis, was extracted from Pseudomonas pertucinogena, strain 190 or 6627, by freezing and thawing of bacteria-free agar medium and was purified by ammonium sulfate fractionation, dialysis, zinc chloride precipitation, and polyacrylamide gel electrophoresis. The specific activity of purified pertucin was approximately 80 times that of the crude extract. The purified pertucin preparation was homogeneous on ultracentrifugal analysis and polyacrylamide gel electrophoresis, and was found to be composed of protein (80%) and carbohydrate (20%), the latter assumed not to be bound covalently to the protein. Neither nucleic acids nor lipids were demonstrated. N-terminal analysis by dansylation revealed only methionine in strain 190 and only glycine in strain 6627. The isoelectric point was found to be 4.8, and the molecular weight was estimated to be 31,500. Amino acid analysis of the protein moiety demonstrated that it contained all of the common amino acids with somewhat more of the hydrophilic amino acids. With respect to thermostability, pH stability, and effects of metal ions and various buffers, pertucin behaves like a protein and is stable in 0.05 M tris(hydroxymethyl)aminomethane buffer, pH 8.0, containing 0.01 M Ca2 .
Bacteriocins are proteinaceous antibiotics of high molecular weight which are active against species closely related to those which produce them, and detailed investigations on colicins (9, 12) and pyocins (14, 16, 17) have been reported. They range widely in molecular weight from 8,000 (41) to as high as about 10,000,000 (16, 17) , and they are very actively bactericidal with a single bacteriocin particle able to kill a bacterial cell. Bacteriocins, being high-molecular-weight substances, do not enter bacterial cells but rather are adsorbed onto the cell surface interfering with the bacterial metabolism (34) . The mechanism of action of bacteriocins has been of considerable interest, though there is some difficulty in attempts to elucidate it (32, 33, 36) .
Little progress has been made in the study of the bacteriocin of Bordetella pertussis. Litkenhous and Liu (22) , in the course of their study of bacteriophages, discovered antimicrobial substances produced by the two strains, American Type Culture Collection (ATCC) No. 190 and 6627, labeled as B. pertussis in rough phase (22) . The strains studied by these investigators, however, were later found to be polar monotrichous flagellates by the present author and were identified as Pseudomonas species. Because of the ability to produce pertucin, a bacteriocin active against phase I organisms of B. pertussis, a new name, Pseudomonas pertucinogena, was proposed for the organism in another paper (Y. Kawai and E. Yabuchi, submitted for publication). In this paper purification and characterization of the pertucins from ATCC 190 and 6627 will be presented.
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P. aeruginosa p-14, eight other strains of Pseudomonas, and Vibrio cholerae 6973 were received from K. Ikeda (University of Tokyo, Japan), E. Yabuuchi (Kansai Medical School), and T. Yamada (NIHJ), respectively.
Assay of pertucin activity. Bacteriocin assays were performed by a modification of the method described by Litkenhous and Liu (22) . Bordet-Gengou medium was pipetted into 9-cm petri dishes, 7 ml to each, and allowed to solidify. Five sterile glass cylinders, 5 mm in diameter, were then placed upright on the solid agar medium in each dish, followed by overlaying with 17 ml of the same medium. After the overlaid medium had solidified, the cylinders were removed from the agar, leaving five wells 5 mm in diameter and 2.72 mm deep. One-tenth milliliter of a standardized, frozen cell suspension prepared from the indicator culture(1010 cells of B. pertussis ATCC 8467 per ml) was pipetted onto and spread over each plate. Samples (0.04 ml) of pertucin at graded concentrations, pretreated by ultraviolet irradiation, were added to each well, and the plates were incubated at 37 C for 48 h; the diameter (D) of the zone of inhibition formed around the well was then measured and recorded as relative antimicrobial units. Figure 1 shows a typical assay with an 80-fold purified pertucin preparation. A practically linear relationship was noted to exist between the (2)2 value 2 and pertucin activity below 17 U, with 10 U of pertucin found to form an inhibitory zone of 1.30 cm in diameter.
Determination of inhibitory spectra of some bacteriocins. A 0.1-ml suspension of each of 28 Bordetalla strains containing 10' cells was spread over each Bordet-Gengou medium plate, which was made as described above. Thereafter, with the ammonium sulfate fractions of pertucins, the appearance of the inhibitory zone was examined qualitatively as described above. The inhibitory spectra of two pyocins, RI and R2 (supplied by K. Ikeda, University of Tokyo), possessing an activity titer of 10' (16a, 17) and vibriocin extract (44) , supplied by T. Yamada (NIHJ), against 11 Bordetella strains were also determined as described above. A 3-ml amount of peptone agar (0.6%) at 45 C containing 107 cells each of P. aeruginosa p-14, eight other Pseudomonas strains, and V. cholerae 6973 was poured on a nutrient agar plate, a heart infusion agar plate, and a peptone agar plate, respectively, containing 2.5 x 108-M Ca2+ and 1% glucose. After the soft agar was set, one loopful each of pertucins, pyocins, and vibriocin, pretreated by ultraviolet irradiation, was spotted on the plate allowed to stand at 4 C for several hours. The plate was then incubated for 20 h at 37 C, except for P. fluorescens and P. putida, which were incubated at 30 C. The appearance of an inhibitory zone was examined.
Other assay procedures. Acrylamide, N,N'-methylenebisacrylamide, and Ficoll were purchased from Seikagaku Kogyo Company, Ltd., Tokyo. N,N,N',N'-tetramethylenediamine was a product of Tokyo Kasei Co. Ltd., Tokyo. Diisopropylfluorophosphate and ampholine were abtained from Fluka, Switzerland, and the developmental laboratories of LKB Productor, Stockholm, respectively. Sephadex G-100, superfine, was obtained from Pharmacia, Uppsala. Cytochrome c, myoglobin, chymotrypsinogen, ovalbumin, and bovine serum albumin were purchased from Mann Research Laboratories. The lyophilized preparation of nagarse crystals was a product of Nagase Sangyo Co. Ltd., Tokyo, and three times recrystallized trypsin was obtained from Worthington Biochemicals Corp., Freehold, N.J. Dansylated amino acids and dansyl chloride were purchased from Seikagaku Kogyo Co. Ltd., Tokyo. All other reagents used were analytical grade products.
The protein content in the sample was determined by the technique of Lowry et al. (23) and expressed as bovine serum albumin equivalents. The carbohydrate content in the sample was determined by the phenolsulfuric acid method (39) and expresed as glucose equivalents. Phosphorus was analyzed by the methods of Allen (1) and Nakamura (31 (10) . Halfcystine and methionine were quantitatively determined as cysteic acid and methionine sulfone, respectively, after performic acid oxidation was carried out at 4. C for 5 h according to the procedure of Hirs (13) .
Dansylation of the sample was accomplished by the method described by Gros and Labouesse (11) with dansyl chloride dissolved in acetone. After the reaction was completed, the proteins were precipitated by adding about 10 volumes of 10% trichloroacetic acid. Hydrolysis was performed in the conventional manner, and the subsequent extraction was carried out with a 1 N hydrochloride-acetone mixture (9:1). Thin-layer chromatograms were prepared by using silica gel plates (F2,4, Merck) and benzene-pyridineacetic acid (80:20:5), chloroform-methanol-acetic acid (75:20:5), and toluene-monochloroethanol-25% ammonia (6:10:4) mixtures as solvents. The chromatographic system was allowed to develop for 2 h, and the spots formed were identified with an ultraviolet lamp (365 nm).
Gel electrophoresis. Polyacrylamide disc gel electrophoresis, at pH 8.6, was carried out essentially according to the procedure of Ornstein (35) and Davis (7) . Disc gel electrophoresis at pH 4.0 was performed by the method of Reisfeld et al. (37) . The gels used in the study contained 7.5% acrylamide, and the electrophoresis was carried out at 4 C. The column was prewashed by electrophoresis with water (where, as will be described later, small amounts of acid and amine were employed, respectively, for anode and cathode) at 2 mA for 40 min with a 0.5-by 7-cm column and at 5 mA for 40 min with a PDJ/70 column (Canal Industrial Corp).
On electrophoresis with a 0.5-by 7-cm column, the amount of sample added at the top was approximately 50 ug, and the electrical charge was 2 mA for 30 min. For extraction, a block of the gel containing the concentrated band formed was cut off, soaked in 0.05 M Tris buffer, pH 8.0, with added 0.05 M Ca2+, and kept at 4 C for 5 h. With electrophoresis conducted using a PD2/70 column, a running gel and a spacer gel of 1 cm each were employed; the amount of sample added was about 5 mg, and the electrophoresis was run with an electrical charge of 5 mA for 2 h with continuous ice water cooling. Tris buffer (0.05 M), pH 8.0, containing 0.05 M Ca2 , was used as the eluant.
Determination of the isoelectric point (pI) of pertucin was conducted with an analytical disc gel electrophoresis apparatus using an acrylamide gel column, 0.5 by 7 cm (6, 26). The running gel was comprised of 1 part 8% ampholine, pH 3 to 10, 1 part 0.004% riboflavine, 2 parts acrylamides (30% acrylamide and 1% bisacrylamide), and 4 parts water, with the sample gel containing sample solution instead of water as above. After a running gel was photopolymerized, 0.1 ml of sample gel was overlayed and photopolymerized. Electrophoresis was carried out until equilibrium was attained at 200 V for 2.5 h at 4 C with 0.1% acetic acid and 0.1% ethylenediamine in positive and negative electrode buffer compartments, respectively. The gel was sliced into 2.5-mm segments which were extracted overnight with 1 ml of distilled water, and the pH was determined. For detection of the sample band, 10% trichloroacetic acid was used.
Molecular weight determination. The molecular weight of pertucin was determined on Sephadex G-100 by thin-layer chromatography (29) . Chromatograms were developed with 0.5 M sodium chloride solution at 25 C for 6 h. After chromatography, no. 51 filter paper (Toyoroshi Co., Tokyo) was placed on a Sephadex G-100 plate to absorb pertucins and reference proteins. The filter paper was dried immediately, stained with amido black, and destained in 7% acetic acid.
RESULTS
Inhibitory spectra. The inhibitory spectra of five bacteriocins are shown in Table 1 . All the 12 B. pertussis strains in phase I and each strain in phases II and III were susceptible to the pertucins from strains 190 and 6627. The other ten strains of B. pertussis in phases II, III, or IV, B. parapertussis, three strains of B. bronchicanis, P. aeruginosa, P. fluorescens, P. alcaligenes, P. pseudoalcaligenes, P. maltophilis, P. putida, P. solanacearum, and V. cholerae, were resistant to their pertucins. Two strains of pertucin producers, ATCC 190 and 6627, were resistant to the pertucins. All the tested B. pertussis strains and B. bronchicanis were resistant to pyocins R, and R2 and vibriocin.
P. aeruginosa p-14 was susceptible to pyocins R, and R2 and resistant to vibriocin. V. cholerae 6973 was susceptible to vibriocin.
Extraction of pertucin. ATCC 190 or 6627, which was precultured at 37 C for 24 h on Bordet-Gengou medium slants in eight eggplant-type culture bottles, was cultured at 37 C VOL. 6, 1974 on November 12, 2017 by guest http://aac.asm.org/ Downloaded from ANTIMICROB. AG. CHEMOTHER. The sample solution treated with diisopropylfluorophosphate and with CaCl2 was dialyzed for several hours against 0.007 M Tris buffer, pH 7.0, followed by centrifugation at 5,000 x g for 15 min. To the resulting supernatant fluid, 50% zinc chloride (43) was added slowly, with stirring, at a ratio of 17 ml per 100 ml of solution in an ice-water bath. The mixture was then centrifuged at 10,000 x g for 20 min to collect the brownish precipitate which was washed twice with cold water. Thirty milliliters of cold water was then added to the washed precipitate, and the mixture was stirred for 30 min, followed by the addition of 12 ml of 20% dibasic sodium phosphate and stirring for 1 h. An ensuing centrifugation of the mixture at 5,000 x g for 15 min yielded a clear, brownish solution of pertucin. The solution was dialyzed overnight against 0.05 M Tris buffer, pH 8.0, and further for an additional several hours against the same buffer containing 0.05 M Ca2+. The precipitation with ZnCl2, as can be seen from the data summarized in Table 2 , permits considerable reduction (20%) in carbohydrate content of the sample, though with an appreciable, but not drastic, loss of bacteriocin activity.
After dialysis the ZnCl2 precipitate fraction of pertucin was concentrated with Ficoll to about 3 ml, sufficient sucrose was added, and it was further purified with polyacrylamide gel electrophoresis at pH 8.6, essentially according to the procedure of Ornstein (35) and Davis (7). This purification step showed an average yield of 12% homogeneous pertucin preparation, separated as a single top band distinct from the adjacent ones ( Fig. 2A) . Densitometric tracing of the gels confirmed the clear-cut separation of pertucin from the other proteins in the ZnCl2 precipitate fractions (Fig. 2B) , with the pertucin fraction accounting for approximately 17% of total protein content. This procedure was chosen for its high separation efficiency and also because of the necessity for quick purification of the fairly unstable pertucin. The best purification of pertucins is summarized in Table 2 .
Homogeneity. Figure 3 shows an ultracentrifugation pattern of purified pertucin 190, demonstrating homogeneity of the preparation. The sedimentation coefficient of the purified pertucin, determined at several different concentrations and extrapolated to zero concentration, was 3.OS. Figure 4 is a disc gel electrophoresis pattern of purified pertucins at pH 8 Homogeneity of the pertucin preparation was also corroborated by the Sephadex G-100 thinlayer gel filtration pattern, as described below.
Chemical composition. Lipid was not detected by analysis performed with 1 mg of the purified pertucin. As is evident from the results of phosphate analysis carried out with 2 mg of the sample, the purified pertucin preparation did not contain nucleic acid.
Earlier studies with partially purified pertucin which indicated inactivation of the antibiotic by trypsin or nagarse digestion had suggested that the biologically active substance was essentially protein ( Table 3) .
The ultraviolet spectrum of the purified pertucin preparation indicated a peak at 278 nm and a trough at 250 nm with their ratio of 1.9:1, and hence characteristic of protein (Fig. 5) . Protein accounted for 80% dry weight of pertucin and carbohydrate accounted for the remaining 20%. d Coincided with methionine-sulfone value determined after performic acid oxidation.
eDetermined spectrophotometrically by the method of Goodwin and Morton (10) .
' Determined as cysteic acid after performic acid oxidation.
Carbohydrate was detected at a level of 99.8% in the internal part obtained by dialysis after tryptic digestion and did not possess pertucin activity, whereas in the external part 98% was detected as protein peptides with 2,4,6-trinitrobenzene 1-sulfonic acid reagent (38) . As shown in Fig. 6 , galactose (A) was accounted for as 75% by a yellow-brown spot, xylose (B) as 15% by a red-brown spot, and others at 10% by dispersed spots. The ratio was reproducible. Amino sugar was not detected with the ninhydrin reagent.
Molecular weight. In a previous study, the sedimentation coefficient of pertucin 190 was estimated to be 3.0S. The molecular weights of the purified pertucins were determined by Sephadex G-100 thin-layer chromatography (Fig. 7A) . A linear relationship was obtained between the log of molecular weight and R, value, mobility ratio against blue dextran (Fig.  7B) . The molecular weights of the two pertucins were determined to be 31,500.
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formed, although with some disorder (Fig. 8A) . Distance from the bottom of the column showed a practically linear relationship with pH, from which the pI of pertucin was determined to be 4.8 (Fig. 8B) .
Other characterization. Experiments aimed at determining various properties of pertucin were performed with a partially purified preparation, because the purified pertucin was considerably unstable and experiments were difficult. This preparation, representing a fraction with peak activity which eluted with 0.15 M NaCl in 0.05 M Tris buffer, pH 8.0, with added Ca2+, from a column of diethylaminoethyl cellulose after the ammonium sulfate fractionation, was considerably more stable and showed a specific activity comparable to the preparation purified as in Table 2 , although the carbohydrate content was about 50%.
Shown in Fig. 9 is a typical heat stability curve of the partially purified pertucin incubated in 0.05 M Tris buffer, pH 8.0, for 10 min. As can be noted, a 50% reduction in pertucin activity occurred at 58 C, with complete inactivation at 70 C.
Heat inactivation curves displayed by the same sample incubated in different buffers or in the presence of metal ions are shown in Fig. 10 . Pertucin activity was maintained better in Tris buffer (b) than in phosphate buffer (c), and there was no significant difference in the degree or pattern of thermal inactivation in Tris buffer at three concentrations, 0.1, 0.05, or 0.02 M. and Cu2+, however, could not be assayed since these metal ions substantially affected growth of the assay culture.
As may be noted from the pH stability curve shown by the partially purified pertucin preparation in Fig. 11 (12, 21) , and (iii) those existing as lipopolysaccharide-protein complexes (14, 15, 19) . Pertucin, though essentially protein, would fall under the third category.
The necessity of divalent calcium cation to pertucin, as described in Results, may be comparable to that with some of the bacteriophages, especially in the host adsorption, and at the same time might also lie in the stability of the pertucin itself (24, 28, 30 precisely the definition of the genus Pseudomonas, although they produce pertucin. The guanine plus cytosine content in their deoxyribonucleic acid (DNA) was 63%, the DNA homology between them was 99%, and the chemical structure of the genome was not distinguishable between the two strains in thermal dissociation profiles of DNA with hybrid or homologous DNA. The two strains were regarded as a single species in the genus Pseudomonas, but they could not be placed in any of the Pseudomonas species described in the literature. Because of their remarkable ability to produce pertucin, a new name, Pseudomonas pertucinogena sp. nov., is proposed. In the present paper, the extreme similarity of the two pertucins was indicated; namely, only N-terminal amino acid and the amino acid composition differed from each other as far as tested. This fact is seen further to support the proposition that strains 190 and 6627 form a single Pseudomonas species.
